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Flexible electricity generation, grid exchange and storage for the transition to a 100% renewable energy system in Europe 
Introduction
The European Commission has adopted a framework strategy to establish an Energy Union that aims to assist in the transition towards greater sustainability, energy security and economic competitiveness [1] . The union aims to build greater solidarity and cooperation amongst Member States in order to pool and diversify energy resources. This would include integrating energy markets, and strengthening transmission interconnections where necessary to "make the European Union (EU) the world number one in renewable energy and lead the fight against global warming" [1]. In July, 2018 the trio of France, Spain and Portugal agreed that there would be a strategic role of interconnections to add value in Europe, to honour commitments related to the Paris Agreement, and to promote convergence between Member States [2] . Concurrently, the European Commission proposes to support efforts involving cross-border renewable energy (RE) projects, and continue to promote key trans-European network infrastructures [3] .
Two relevant issues have emerged related to governance of the Energy Union. The first concerns the overall objective and timeframe of the union. Some argued that in order to achieve the goals of the Paris Agreement, a "red line" of achieving net-zero greenhouse gas (GHG) emissions by 2050 was needed to avoid liabilities for future generations [4] . At the same time, some Member States displayed reluctance to mention a specific date. Ultimately, the final wording agreed upon was to aim for net-zero GHG emissions "as early as possible", but it appears that future scenarios and decarbonisation plans for the EU and its Member States will need to show how the objective of net-zero by 2050 could be achieved. The latest long-term vision for Europe incorporates this objective [5] and warns that not achieving such a goal could be a major threat to security and prosperity. The second issue concerns the level of interconnection that would be needed to achieve such goals. Lilliestam and Hangar [6] describe the contrasting views of two organisations that advocate 100% renewable energy futures for Europe, EUROSOLAR [7] and DESERTEC [8] . On the one hand, EUROSOLAR advocates decentralisation of energy and the disempowerment of the actors and structures that have produced an unsustainable and undemocratic energy system [9] . On the other hand, DESERTEC envisions a highly centralised and regulated system of imports and exports of solar and wind power throughout Europe [10] . However, a third option may be possible. Battaglini et al. [11] advocate an approach for Europe that combines the decentralised Smartgrid with the centralised Supergrid to produce a SuperSmart Grid vision, arguing that "the two concepts are complementary and can and must coexist in order to guarantee a transition to a decarbonised economy". Consistent with this vision is the idea that there are already natural areas of energy cooperation within Europe, and that macroregional partnerships have "the potential to deliver cost-optimised deployment of smart grids, renewables and energy efficiency" [12] . Energy system visions, therefore, should aim to take into account that energy systems can be viewed from the perspective of individual prosumers, nationally, macro-regionally, and from a panEuropean perspective. In addition, appropriate policies should be considered that support such visions.
The transition towards 100% RE needs political support. It also needs innovation, not only technological, but also innovative policy strategies, smart measures and efficient governance. In order to reach such goals, countries have to revise their energy transition strategies, measures and governance to include financial incentives for the transition. Thanks to past measures and instruments to promote RE, the costs for RE have been substantially reduced due to technological learning, market diffusion, and improved economies of scale. To increase the share of RE in all sectors and countries, concrete support schemes, financial incentives and market designs are necessary for a full transition. A first step is to define concrete short-and long-term goals for change in the energy system. This will provide the regulatory stability for public authorities and private operators that will be essential to a successful transition [5] .
There are joint EU goals defined to increase the share of RE. The overall policy requires the EU to fulfil at least 20% of its total energy consumption from renewables by 2020. Also, all EU countries must ensure at least 10% of their transport fuels come from RE sources by 2020 in National Renewable Energy Action Plans (NREAPs). Leading up to 2020, two trajectories must be achieved. The minimum indicative Renewable Energy Directive (RED) Trajectories for RE share in each Member State had to be met by 2018 and Expected Trajectories had to be adopted as part of the NREAPs of 2010, with reports from Member States submitted to the European Commission in 2011, 2013, and 2015. RED was amended in 2015 to address concerns around the indirect land-use of biofuels, with a limitation of 5% for food-based fuels. There was an additional framework adopted by the EU Council in 2014 for 2030 goals: a binding minimum 40% domestic reduction in GHG emissions compared with 1990 levels; a binding minimum 27% share of Gross Final Energy Consumption as well as an indicative minimum 27% improvement in energy efficiency; and national level integration of 2030 goals into energy frameworks. The binding renewable energy target was also adjusted upwards to 32% in 2018, with an aim to revise that figure higher still by 2023 [13] . Nationally, targets and goals differ substantially, as well as the support instruments used to achieve them ( Figs. 1 and 2) .
Over the period of 2007e2017, European installed capacity of RE grew from 258 GW e to 512 GW e [16] . As seen in Fig. 3 , growth primarily comes from solar PV (þ1966%), offshore wind (þ1365%), onshore wind (þ180%) and bioenergy (þ94%).
Growing capacities of RE, particularly solar PV and wind, have resulted in falling costs and increased competitiveness of RE technologies on a levelised cost of electricity (LCOE) basis [17] . Storage technologies have shown similar cost reductions, especially batteries [18] . Therefore, combining RE and storage may offer the lowest cost power solutions in the future [17] . In a European context, this could represent a well-timed opportunity. Currently, much of the generation capacity is rather old and carbon intensive. At the same time, most of the nuclear power plants of Europe may be decommissioned before 2050. So, there appears to be an opportunity to replace older power plants with RE technologies without the risk of stranded investments [19] .
Nuclear power generation and carbon capture and storage (CCS) schemes have been proposed as solutions for future low carbon energy systems [20] . However, both involve such high costs and significant risks that the relative benefits to society are increasingly difficult to see. Both industries also appear on the verge of collapse as many nations see greater promise in RE, as institutional investors seek to avoid risk through avoidance and divestment, and as most of the largest nuclear power plant manufacturers have experience serious financial challenges or have opted to end operations [21] .
Nuclear power has seen steady increases over the past decades in terms of LCOE. This is due to ever higher capital expenditures that result from increasing system complexity, high budget and construction time overruns, and a need to protect society from the dangers of nuclear accidents and threats of terrorism. Moreover, direct and indirect public subsidies for nuclear power are at high levels. Most notable of these involves the socialisation of many of the risks associated with nuclear power. As the insurance liability of nuclear operators is limited globally through various national laws, much of the financial responsibility for large accidents, such as the so-called "dragon king scale" events at Chernobyl and Fukushima [22] , falls firmly on society as a whole, thereby creating unequal sharing of risk and reward. For several reasons discussed in Ref. [23] , there may not only be a poor investment horizon for nuclear power, but even a strong risk of stranded investments in current assets if societal goals change. There are several reasons why the viability of fossil energy based CCS is also questionable. Ram et al. [23] summarize how CCS represents a high cost, high risk option on economic, environmental and social grounds. First, CCS is a more expensive alternative to RE. Second, budget and construction overruns contribute to the poor economics of a technology that has yet to show the maturity needed for large-scale carbon capture. Third, CCS is not carbon neutral, and risks of future leakage will require vigilant management efforts for generations. Fourth, relying on fossil fuel based CCS obscures the fact that CO 2 is not the only harmful emission associated with fossil fuels, and does nothing to address such threats to human and environmental health as sulphur oxide, nitrogen oxide and heavy metal emissions. Nor does CCS prevent harmful emissions that occur during the mining, refining and transport of fossil fuels. In essence, fossil-based CCS will do little to contribute to a resilient and sustainable energy system, and may represent more harm than good. Instead, more sustainable forms of CCS are being advocated, such as bioenergy enhanced carbon capture and storage (BECCS) and Direct Air Carbon Capture and Storage (DACCS), along with Carbon Capture and Utilisation (CCU) [24] . For these reasons, 100% RE systems have been proposed as feasible and economically viable solutions on a global level [25] , and there appears to be a growing body of scientific literature to support this [26] . Energy scenarios with 100% renewable energy have also been identified as conforming to the widest range of sustainability criteria, and respect known planetary boundaries [27] . Recent modelling work on Europe also establishes the technical feasibility and economic competitiveness of high shares of RE, and highlights the strong supporting role of transmission interconnections [28e38]. In addition, Child et al. [39] demonstrated that storage technologies could support a transition towards a cost optimal, 100% RE system for Europe. However, the bulk of this work did not discuss the roles of flexible generation or transmission interconnections in detail, nor was the discussion sufficient to enable recommendations from a policy perspective. Table 1 shows the main peer-reviewed journal publications on 100% RE systems for Europe. Common themes in the literature indicate that 100% RE scenarios are both technologically feasible and cost competitive for Europe. Further, they rather consistently indicate that cost savings on balancing generation and electricity storage can be achieved through expanded use of transmission interconnections. However, these studies consistently model electricity flows entirely through centralised grids, something that currently does not occur nor is likely to occur in the future. In order to test whether centralised, decentralised or hybrid grids will be the best solution for Europe, some effort must be made to account for the existence of decentralised prosumers (or those who are both self-generators and consumers [37] ), that they may decide to employ their own storage technologies, and that some end-user needs for power will be satisfied without the help of a centralised grid. If prosumerism is significant in the future, centralised load profiles for grids may be effected and so may be the need for transmission interconnections between the regions of Europe. In addition, prosumer choices about whether to purchase solar PV systems or energy storage are not uniform. Prosumers can be residential, commercial, or industrial entities. Each will have their own costs for technologies depending on the scale, and each will have their own end-user prices of electricity. Modelling must proceed, therefore, with a fuller range of the realistic choices that can be made by prosumers, as well as take into account their impacts on central grids.
Therefore, this work extends the investigation begun in Ref.
[39] to more fully describe the roles of flexible electricity generation, grid interconnections and energy storage solutions in a transition towards 100% RE for the electricity sector of Europe by 2050. To this end, this work seeks to determine a least cost power sector transition, one that results in sustainable, reliable and secure power supply in Europe. At the same time, this work seeks to compare scenarios in which the specific nations and macro-regions of Europe are either independent energy islands or interconnected in order to determine if a European Energy Union would be part of a least cost solution. Further, this study will more adequately incorporate the possible impacts of prosumers on central electricity grids, and seek to determine if prosumerism would have an effect on the need for interconnections between the regions of Europe. Lastly, upon examining the range of policy options used in Europe to promote renewable energy development, this work will make suggestions related to policy that would promote the transition towards sustainability. This transition is modelled in five-year time steps beginning from 2015 using the Lappeenranta University of Technology (LUT) Energy System Transition Model [37, 52] . In order to add to the debate on the role of transmission interconnections, two scenarios are investigated. The first is Regions, whereby Europe is divided into 20 independent energy systems that take into account some macro-regional grouping; and Area, whereby these same nations and macro-regions are interconnected with high voltage transmission lines and cables. In both scenarios, modelling of optimal prosumer solar PV production and battery energy storage will precede the main modelling of the centralised energy system.
Materials and methods
The LUT Energy System Transition Model described in Refs. [37, 52] was used to model the European power system. Europe was divided into 20 defined nations and macro-regions that take account of the fact that natural areas of cooperation exist [53] . Fig. 4 presents these regional classifications.
Model summary
The LUT Energy System Transition model target function is to optimize energy system elements in order to minimize total annualised system costs and the cost of end user electricity consumption. The model is multi-nodal, and uses linear optimisation in hourly temporal resolution and 0.45 by 0.45 spatial resolution for [41] 2011 Storage and balancing needs depend significantly on the mix of solar and wind power generation Rasmussen et al. [29] 2012 Significant synergies were found between storage and balancing Steinke et al. [42] 2013 2020 GAMS/CPLEX Overnight 100% RE will require significant balancing generation, grid extension and storage Becker et al. [31] 2014 AU model Higher investments in transmission interconnections can result in less need for balancing Huber et al. [43] 2014 Flexibility requirements of a transnational European power system are lower than for individual systems Rodriguez et al. [35] 2014 2050 AU model Transition Higher investments in transmission interconnections can result in less need for balancing Connolly et al. [38] 2014 2050 EnergyPLAN Transition steps 100% RE is feasible and cost competitive Bussar et al. [44] 2015 2050 GENESYS Overnight Optimisation of 100% renewable power system Hohmeyer and Bohm [45] 2015 2050 renpass Transition 100% RE systems are feasible and reliable European cooperation and trade will reduce costs Rodriguez et al. [46] 2015 AU model Interconnections between countries can result in less need for balancing Bussar et al. [36] 2016 2050 GENESYS Overnight Optimisation of 100% renewable power system Schlachtberger et al. [47] 2016 AU model Balancing capacities can be reduced if countries share their excess and backup Gils et al. [48] 2017 2050 REMix Transition 100% RE should be supported by balancing capacity, grids and storage Eriksen et al. [49] 2017 AU model Heterogeneous distribution of wind and solar can reduce electricity cost Raunbak et al. [50] 2017 AU model Balancing and transmission infrastructure are caused by mismatches between weather-driven RE and load Pleßmann and Blechinger [51] 2017 2050 elesplan-m Transition Decarbonized power is feasible with high levels of interconnection Brown et al. [28] 2018 PyPSA Overnight Expansion of cross-border transmission enables integration of high shares of RE and reduces costs, but energy sector coupling may have a greater impact In order to determine the lowest energy system costs, the sum of various annual costs is optimised, including energy generation costs, generation ramping costs, and the costs of all installed capacities. Further, distributed generation by prosumers is comprised of residential, commercial and industrial prosumers. The costs of three different types of prosumers (residential, commercial, industrial) are included in the system as the respective installed capacities of rooftop PV systems and batteries. The model seeks to minimize the cost of prosumer electricity consumption, which includes self-generation cost and the cost of electricity consumed from the grid. Excess prosumer generation is sold to the grid and subtracted from total annual costs of prosumers.
Four constraints guide the operation of the model in order to limit the deployment of RE technologies to a more realistic growth pattern. The first limits the growth in absolute RE installed capacities to a maximum of 20% for each 5-year time step. An exception to this constraint was made for the first time step, in which growth was limited to 15%. This constraint was devised in order to prevent possible disruption to the power system. The second constraint limits the model from installing technology related to bioenergy production before 2030. Accordingly, only 16% of the biogas and waste resource potentials could be exploited by 2020, 33% by 2020, 66% by 2025 and 100% by 2030 and onwards. This constraint was devised to limit biogas technologies from being installed too quickly. It was noticed that although there was high biogas resource availability, it would be unlikely that resource exploitation would rapidly advance from its relatively low level currently. Instead, a logistic growth pattern was assumed. The third constraint involved prosumers. Prosumer demand is limited to 20% of total demand, however up to 50% of total excess generation is allowed to feed into the grid. At the same time, the constraint ensures that the level of 20% will not be reached within the first time step. Instead, the model determines a step-wise progression from a maximum of 6% in the first time step to 9%, 15%, 18% and 20% in subsequent time steps if the economic model of prosumers works and there are benefits from self-generation in a given region. This constraint not only limits the growth rate of prosumerism, but also takes into account that there will be different growth rates in different regions. The final constraint was that no new nuclear and fossil fuelbased power plants would be installed after 2015 due to sustainability reasons. This also means that power plants of these categories that are currently under construction are not considered. An exception was made for gas turbines, as such technology is highly efficient, and can utilise sustainably produced synthetic natural gas (methane) and biomethane as fuel.
Applied technologies
The applied technologies available to the model are shown in Fig. 6 , including: electricity generation, energy storage, and electricity transmission. Regional interconnections for the Area scenario are derived from the European Network of Transmission System Operators for Electricity (ENTSOE-E) [54] . This information includes both the current status and future potentials of interconnections. As future potentials established by ENTSO-E included values up to 2030, it was assumed that all subsequent additions would be based on HVDC transmission. These additions are comprised of 70% underground cables and 30% overhead lines. All new undersea connections were assumed to be HVDC cables. These assumptions were made to account for levels of social resistance to visible overhead electricity lines. However, it must be noted that the model results may still differ from what would be socially desired in some cases. It is beyond the scope of this work to examine such issues, but they most certainly would need to be part of the overall discourse concerning future energy system development. Interconnections and transmission line lengths used for the Area scenario are shown in Fig. 7 .
Transmission line lengths were determined for each interconnection on an individual basis, and took into account known locations of undersea cables and border points where interconnections are found. In cases where information was not known, straight lines were drawn between the main electricity demand centers of each region. An additional 10% was added to land lengths to account for topography. Interconnections were assumed to connect the largest electricity consumption centers of each region. A summary of transmission line distances between the main demand centers used in this study is shown in the Supplementary Material.
Scenarios developed by ENTSO-E [54] provided values for current levels of interconnection based on existing transmission line capacities in winter 2010/2011, and potential values for 2030. However, these values were not distinguished as either HVAC or HVDC, so each interconnection was examined to determine the status of each. Only three sources of HVDC cables were found in Europe: ABB [55] , Siemens [56] , and Interconnexion FranceAngleterre [57] . After determining the total of HVDC capacity in a region, this value was subtracted from the current capacity value to determine the current HVAC capacity. The future value proposed by ENTSO-E is assumed to be the upper limit to future HVAC interconnections. However, if this is a known undersea connection, a value of 0 is assigned as all undersea connections are assumed to be HVDC. No upper limit is assigned to the model's ability to build new HVDC interconnections as part of the least lost solution other than the acceptability constraint mentioned above. All values are shown in the Supplementary Material.
Financial and technical assumptions
Financial assumptions for all energy system components are made in five-year time steps, and a complete list can be found in the Supplementary Material. All costs for technologies as well as efficiencies are assumed to be the same in all regions. Individual electricity prices for each country and region were calculated using the same method as [58, 59] and extended to 2050 for the residential, commercial and industrial sectors. For all scenarios, the weighted average cost of capital (WACC) is set at 7%. An exception was made for residential PV prosumers, whereby WACC is set at 4% due to lower expectations of financial return. Excess prosumer electricity is assumed to be fed into the national grid and sold for a transfer price of 0.02 V/kWh. Before such transfer, the model mandates that prosumer demand for electricity is satisfied.
A synthetic hourly profile of electricity demand for each region, fully considering local time zones, was designed according to the methods described in Ref. [60] . The aggregated hourly profile for Europe is seen in Fig. 20 . Total annual demands for each region are based on previous estimates performed for EU countries [61] . For Turkey, annual electricity demand for each five-year time step was taken from Ref. [62] . For all other countries and regions, annual demand values for 2015 were taken from IEA published data [63] , and a growth rate of 1.2% per year was assumed, which is consistent with average growth projections for the EU 27þ [61] . Annual values for all regions and each time step are shown in the Supplementary Material.
Information concerning current installed capacities of all technologies was taken from Ref. [64] . The maximum installed capacities for all RE technologies as well as for pumped hydro energy storage were derived based on the method used in Bogdanov and Breyer [52] . For all other technologies, upper limits are not specified. Available biomass, waste and biogas fuels are assumed to be available evenly throughout the year. A synthetic profile of electricity demand was created based on data originating from Refs. [65, 66] .
Renewable resource potentials
Several sources were used to determine the renewable energy resource potentials for Europe. The generation profiles of wind power (onshore and offshore), solar PV (optimally tilted and singleaxis tracking), and solar CSP were calculated according to methods described in Refs. [52, 67] . Capacity factors for each of these technologies can be found in the Supplementary Material. In addition, Ref. [52] outlines how capacity factors are determined for both runof-river and dam-based hydropower. These are based on precipitation data from the year 2005 as a normalised sum of precipitation throughout the country. Third, calculations concerning the geothermal energy potential were based on methodology detailed in Ref. [68] . Lastly, the potentials of biomass and waste potentials were divided into four main categories, as shown in Table 2 . These potentials were taken mainly from year 2030 estimates provided by Ref. [69] . This source often gave two values for the potentials of various categories of biomass and waste, one for a reference scenario and another for a sustainability scenario. When a choice was available, values were taken from the latter. The sustainability scenario employed more strict criteria of sustainability to all bioenergy sources. The main difference between the two scenarios is that the sustainability scenario includes compensation for GHG emissions related to indirect land use change. In addition, no use of energy crops was included in the current study despite a potential listed for both scenarios. Therefore, it must be acknowledged that greater amounts of biomass are practically available than the resource potentials of the current study lists. Moreover, due to a lack of data for some countries, values were also taken from Ref. [70] for Norway, Balkan West, Switzerland, Turkey and Cyprus, Ukraine and Moldova, and Iceland. Biomass costs were derived from data found at [70] . A gate fee of 100 V/t for solid wastes was assumed for most regions and years. The Supplementary Material provides the full range of assumptions concerning gate fees.
Results
The main modelling results of the least cost transition towards 100% RE are shown in Figs. 8e22. However, more extensive results are also shown in the Supplementary Material.
A virtually 100% RE power system was achieved by 2050 because the technical lifetime of a 1.6 GW nuclear power plant was not yet exceeded in this time period. However, a least cost transition pathway towards 100% RE was found for both the Regions and Area scenarios. These pathways show increasing relevance of wind energy, bioenergy and especially solar PV throughout the transition. Cumulative installed capacities for all technologies and both scenarios are shown in Fig. 8 . In 2050, the share of installed capacity is 62% for solar PV, 17% for wind power, and 7% for hydropower in the Regions scenario. The respective values are 62%, 22%, and 7% in the Area scenario. The role of gas-based technologies appears to be higher in the Regions scenario. Fig. 9 shows electricity generation by fuel type throughout the transition for both scenarios. Generation of electricity increases in both scenarios to supply the steadily increasing demands of Europe over the transition. In 2050, solar PV accounts for 45% of generation, followed by 30% for wind, and 11% for hydropower in the Regions scenario. The respective values for the Area scenario are 41%, 37%, and 11%, again showing a slightly higher relevance of wind power in this scenario. Gas-based technologies are still seen in the energy system in both scenarios in 2050 despite the fact that fossil natural gas is not a significant fuel after 2025. This indicates that biomethane or synthetic methane gradually replace fossil natural gas over the transition. Gas-based technologies appear somewhat more relevant in the Regions scenario. Fig. 10 and Table 3 show that the relevance of storage increases with the shares of variable renewable energy over the transition in both scenarios. Up to 2020, current installed capacities of PHES function as the main elements of storage for the system, and the output from PHES is relatively consistent throughout the transition. From 2025, batteries begin to have the highest output, and provide balance over shorter periods (hours to days). At this time, the shares of RE are 73% in the Regions scenario and 81% in the Area scenario. Concurrently, seasonal storage in the form of gas storage and TES appear in the Regions scenario. However, the relevance of seasonal storage is much lower in the Area scenario. It must be noted, however, that outputs of gas storage in Fig. 10 are defined as synthetic natural gas coming only from the PtG process. Storage outputs of fossil natural gas or biomethane are accounted separately as fossil gas or biomass/waste generation (see Fig. 9 ), and not as storage outputs per se. While these resources are seen as important aspects of seasonal flexibility, they are not defined as storage output in this study to highlight a key difference between a dispatchable resource and storage. To provide a contrast, outputs of dispatchable biomethane for 2050 are included as gas storage output in Fig. 11 . Moreover, gas storage output of biomethane in Fig. 11 . Storage output for the Regions (upper) and Area (lower) scenarios for 2050. In this instance, output from storage is the sum of electrical, thermal and gas units to determine total storage output. Also, gas storage output includes dispatchable biomethane, in contrast to Fig. 10 . Adapted from Ref. [39] . indicating the need for a more than fourfold expansion of capacity to 262 GW. This expansion would primarily occur in the five-year time step leading to 2025, as indicated in Fig. 13 (left) . Total cumulative installed interconnection capacity as a function of distance is estimated at 34.2 TWkm in 2015, and increases approximately fourfold to 144.5 TWkm in 2050 in the Area scenario. The relevance of transferring electrical energy over long distances is also seen in Fig. 13 (right) , with large increases seen in the periods leading up to 2030, upon which levels stabilise.
Overall grid utilisation appears to be more vibrant during times of higher electricity demand, especially winter months, as shown in Fig. 14. Further , grid utilisation appears to be rather positively related to higher levels of wind energy generation, and rather negatively related to higher levels of generation from solar PV, as shown in Fig. 15 . During the period of April to October (days 100e300), wind energy generation tends to be relatively low during morning and evening hours (06:00e10:00 and 16:00e20:00). This corresponds to times of low solar PV generation and relatively higher peaks of consumption. The result is moderate reliance on grid-based electricity during these times.
An examination of the grid utilisation profiles of individual regions shows in more detail where grid energy is coming from, and where it is going to at different times of the year. In general, six types of profiles (Fig. 16) were found for net exporters of wind energy (e.g. BRI, DK), net exporters of solar PV energy (e.g. IT, IBE, TR), net exporters of wind and hydropower (e.g. NO), large balancing regions (e.g. DE, FR, UA, PL), small balancing regions (e.g. AUH, BLT, BNL, IS) and net importers (e.g. CH, FI, SE, CRS, BKN-E, BKN-W). Excellent wind conditions in Britain and Ireland result in rather consistent export throughout the year, punctuated by relatively lower export during summer. By contrast, Italy shows export of solar PV during spring to autumn, followed by imports during the winter months. Norway shows rather regular export, indicating that the balancing function of wind and hydropower may be important on a pan-European level. Germany is an example of a large balancing region with highly fluctuating levels of import and export. Austria demonstrates more moderate fluctuations in imports and exports as a small balancing region. Lastly, Switzerland shows moderate and regular net imports primarily during times of high demand (winter months and morning and evening peaks) while at other times domestic resources suffice to satisfy demand. Overall annual grid transmissions of electricity are shown in The impact of prosumers on the overall profile of electricity demand from the centralised grid for both scenarios can be seen in Fig. 20 . In total, consumption from the grid is reduced by 894 TWh annually (17%), and peak load is reduced by 52 GW (6%). Load reduction is more prominent during summer months, when prosumer solar PV generation is highest. As this is normally a time of low overall consumption, minimum load is reduced by 19% from 371 GW to 301 GW.
The defossilisation of the European energy system occurs relatively more quickly in the Area scenario (Fig. 21) . Emissions decrease rapidly after 2020 in both scenarios with the phase out of coal-based power generation. Further reductions occur as fossil natural gas is replaced gradually by synthetic methane and biomethane over time. Defossilisation is essentially complete by 2045 in the Regions scenario, and by 2035 in the Area scenario. 22 shows the LCOE decreasing from 2015 to 2050 in both the regions (left) and Area (right) scenarios. During the transition, lower cost solar PV, wind energy and biomass-based generation replace higher cost coal and nuclear generation as these technologies come to their expected lifetimes. Lower LCOE over time is also due to decreasing capital expenditures, operational costs, fuel costs and emissions costs. Increases in transmission and grid costs in the Area scenario are offset by lower capital expenditures related to primary generation, storage and curtailment. Faster defossilisation in the Area scenario leads to more rapid cost reductions.
Discussion
According to the results of this study, an essentially 100% renewable power system is technologically and economically feasible for Europe before 2050. Such a system also adheres to the ambitious goals set out in the Paris Agreement [71] by achieving full defossilisation of the power sector. A transition towards a more sustainable power system would be facilitated by the decreasing costs of renewable energy, flexible generation of sustainable power, electricity storage and power interconnections between the regions of Europe. Over the transition, emissions of harmful GHGs can be significantly reduced as coal power and other carbon intensive elements of the energy system are replaced by more sustainable technologies. This result is also consistent with several recent decisions made by EU Member States to phase out coal-based power generation in the short term (e.g. Austria, Finland, France, the Netherlands). Moreover, it is consistent with a recent announcement by EUR-ELECTRIC, the main union of European electricity companies, to no longer invest in new coal-fired power plants after 2020 [72] .
Flexibility from generation and storage
Generation of electricity in Europe shows a tendency towards greater flexibility and complementarity in both scenarios. Hydropower and pumped hydro energy storage maintain important functionality in the energy system to assist in balancing over short and long periods. In addition, biomass, biomethane and SNG are utilized as sustainable and dispatchable resources that can also complement the variability of solar PV and wind energy generation. What is more, the extent of wind and solar variability has recently been challenged by the finding that main weather regimes minimize variability of these resources when considered in a panEuropean context [73] . In essence, there is higher than expected complementarity between the winds of the north-west and the solar conditions in the south and south-east. The effects of reduced variability over broader geographic areas, particularly in relation to less need for installed generation capacities, storage and curtailment have been seen generally [74] , and for Europe more specifically [75] .
The roles of various storage technologies in the Regions and Area scenarios were described in detail in Ref. [39] . In both scenarios, the relevance of storage increases over time. Battery storage is the main technology employed, and is utilized on a short-term basis (hours to days). Results indicate a strong use of batteries by solar PV prosumers, and that system level solar PV influences the charging of system level batteries as well as PHES. For longer term and seasonal storage, TES, A-CAES and PtG technologies are employed, although to a much lower extent in the Area scenario. Instead, hydro dams and existing PHES are sufficient in the Area scenario to provide long-term balancing, along with the important flexibility offered by transmission interconnections. The results of this study are in line with others that suggest that storage technologies will be essential once the level of RE supply reaches 80% of generation [76e78] . The results of this study also show that PHES and to a lesser extent system battery states of charge are also influenced by the profile of wind energy generation. Fig. 19 shows that a small amount of battery discharge (approximately 1 TWh) goes to charge the PtG system. This represents roughly 10% of PtG charge power in the Area scenario. Such an effect was also seen in Ref. [74] for the case of India, whereby low overall demand, high battery storage SOC, and high solar PV electricity supply combine to create conditions that favour battery storage discharge to PtG especially in the night and early morning hours. This enables further battery charging the next day from solar PV, and more regular operation of the PtG system. It is also a way of ensuring sufficient seasonal gas storage from lower overall PtG capacity. These each contribute to lower overall costs. However, the impact of this effect was very limited in Area scenario results due to the wider range of balancing options in Europe compared to India, and less solar PV in the system because of the observed complementary nature of wind and solar PV. It is, though, an indication of how energy storage technologies can work in parallel.
The Area scenario shows approximately 17% less storage output (1225 TWh vs 1476 TWh). There were also noticeable differences in total installed capacities, with the highest relative change in installed capacity seen in reduced system level batteries (30% lower compared to the Regions scenario) and the highest absolute capacity change in gas storage (21% lower compared to the Regions scenario). In total, the Regions scenario showed 218 TWh of installed gas storage capacity compared to 171 TWh in the Area scenario. These values are well below the current levels reported for Europe of 1000 TWh [79] . However, the values in this study are derived from the needs of the power sector only. It would be expected that gas storage would play a greater role in balancing the seasonal needs for heat, and possibly for the transport and industry sectors. Along with noticeable installed gas-based generation capacity in both scenarios in 2050 (219 GW in the Regions and 123 GW in the Area scenario), this suggests that the role of gasbased technology and infrastructure will remain significant in Europe due to its flexibility, and there is little risk of stranded investments in current assets. While fossil natural gas leaves the system over the transition, it is replaced by sustainably produced biomethane and synthetic natural gas.
Flexibility from interconnections
A main source of flexibility in the Area scenario is grid exchange between regions, amounting to a total of 12% of end-user demand in Europe. As such, the capacity of transmission interconnection would need to grow approximately fourfold, from the current level of 63 GW to 262 GW in 2050. Furthermore, much of this transmission line length would need to be installed before 2025 (see Fig. 13 ). It appears that the highest levels of interconnections are found around areas rich in wind (e.g. Britain and Ireland, Norway, and Denmark), rich in solar resources (e.g. Italy, Turkey, Iberia), or with extensive hydropower resources (e.g. Norway). Furthermore, interconnections appear important to densely populated and industrial areas, (e.g. German, France).
The results of this study are similar to those reported in Refs. [36, 48] , which both reported on the significant role of interconnections to provide balance in the European energy system. However, the former found a more than threefold higher need for total grid capacity (503 TWkm vs. approximately 144 TWkm in the Area scenario) in an optimised energy system. In the latter, overall capacity was as high as 331 TWkm, with power transmission representing up to 30% of annual demand depending on the scenario (compared to 12% in the Area scenario). However, the scenario that produced the highest values (VRE100-S20W80) featured all generation from solar and wind as well as a very high ratio of wind to solar (80:20) . One reason for lower capacities seen in the Area scenario could be the relatively high share of solar PV prosumers seen in this study, along with high installed capacities of prosumer batteries. Such distinction of PV prosumers is rarely seen in modelling studies, but the impact on results is that solar PV prosumers with batteries may not require as much power from a centralised grid. Results of this study indicate that maximum load could be reduced by 6%, and total energy flow on grids reduced by 17% by solar PV prosumers (residential, commercial and industrial entities). In addition, it is also important that the full set of generation and storage options are modelled, in particular hydropower and bioenergy, since this inclusion of technological options reduces the demand for wind energy and therefore also the demand for larger scale power transmission interconnection capacities. Finally, caution must be exercised when comparing studies that have fundamental differences in scenario design. The total number of regions or nodes, and where interconnections occur has a noticeable effect on the sum of total grid capacity, and would also account for some of the deviations observed between studies.
To mitigate possible sources of objection to overhead transmission lines, this study assumed that 70% of new HVDC lines would be underground or undersea cables, with the balance being overhead lines. Costs were adjusted accordingly. However, this assumption does not take full account of the important social constraints surrounding transmission interconnections. While it is beyond the scope of this study to discuss this matter beyond technical feasibility and economic competitiveness, it must be acknowledged that the social acceptance of such high levels of transmission interconnection must be part of the overall discourse on energy-related issues in Europe.
Cost savings
The total annualised costs of the system in 2050 are 302 bV/a for the Regions scenario and 276 bV/a for the Area scenario. This suggests annual savings of 9% or 26 bV/a for the Area scenario. These values compare to about 274 bV/a in 2015, suggesting that the most cost competitive of the 100% RE scenarios (Area) is not significantly greater in cost than the current system, but for a 38% larger electricity demand. This result is in line with other research that suggests that 100% RE systems of the future may be only marginally higher in cost than current systems [80e82]. In addition, Ref. [42] observed only a small increase in electricity costs for a 100% RE system on an LCOE basis, and that the lowest overall system cost was achieved in a system whereby decentralised battery storage could buffer solar PV production peaks and reduce distribution grid costs significantly. Further, Ref. [51] estimates that the least cost transition pathway to decarbonisation would result in an LCOE increase from 67 V/MWh for the current system to 90 V/MWh in 2050. However, this study does not make use of any bioenergy resources, which are rather abundant in many parts of Europe and the PV and battery cost assumptions seem to be very conservative. Lastly, Ref. [28] projects that overall annualised energy system costs would be only 13% higher than the current system when the heating and mobility sectors are included.
However, the authors remind that the calculated costs of the current system do not include significant external costs related to GHGs and airborne pollution. Therefore, comparing costs of current and future systems is one thing. Comparing the overall benefits of a 100% RE system with the current system is quite another. The higher level of sustainability and greater respect for known planetary boundaries of 100% RE energy systems has been noted [27] . The cost of anything must be viewed in relation to its overall benefits. Eliminating such things as slavery, child labour or unsafe working conditions had a cost that may have seemed higher than the alternative. However, when the least cost alternative is unacceptable, other sources of value must be more strongly weighted. The same must be remembered for energy systems.
In terms of levelised cost of electricity, values reduce from a current level of 69 V/MWh to 56 V/MWh in the Regions scenario in 2050 and 51 V/MWh in the Area scenario. These results are similar to other transition studies to 2050 using the LUT Energy System Transition model [62,74,83e86] , which show a range of values from 35 V/MWh to 65 V/MWh, and show that Area scenarios are lower in cost than Regions scenarios. Several of these studies also suggest further integration of the desalination sectors and non-energy gas demands into the energy system could result in further savings on an LCOE basis, which would be a potential area of further study for Europe to better identify the benefit of sector coupling. The impact of sector integration (power, heat and transport) on modelling results for Europe was also seen in Ref. [28] , which described such sector coupling as having a stronger impact on overall cost reduction than transmission grid expansion.
Others simulations of the 2050 European energy system suggest that LCOE values may range between 88 V/MWh and 121 V/MWh for 100% renewable energy systems [36, 48, 51] . However, these studies also reported far lower installed capacities of batteries, and did not include any special categorisation of solar PV prosumers. For these reasons, centralised grids take on a more prominent role in these studies. In Refs. [36, 48] , grids expand approximately tenfold from current levels, while this study reports only a fourfold increase, at least partly due to the effects of prosumers. Moreover, the other studies used conservative 2050 cost assumption for batteries, which ranged from 111 V/kWh [36] to 289 V/kWh [51] and 300 V/kWh [48] . These must be compared to the assumption used in this study of 75 V/kWh, which seem more reasonable given that current cost estimates see battery pack costs of 100 V/kWh by as soon as 2025 [87] . This is driven by the significant learning rate of batteries [18] and the very high estimated demand in the transport sector for battery electric vehicles [88] . In the end, significantly lower costs of storage and markedly lower costs of interconnections contributed to lower LCOE.
Two studies that examined scenarios that resulted in 95% GHG emissions for Europe also offer comparable results [89, 90] . The former analysed three scenarios for 30 regions that were: not interconnected, optimally interconnected, and a compromise between the two extremes. Optimal interconnection was nine times the current line volume, or 286 TWkm. However, the authors remind that such a high level would likely result in social acceptance issues, and so included the compromise scenario whereby line volume increased fourfold to 125 TWkm, comparable to the value of 144 TWkm in the Area scenario. The former study concluded that the compromise solution would require increased storage, particularly battery storage, to balance supply and demand. This additional battery storage is seen in the Area scenario mostly in the form of prosumer batteries, which decrease the need for interconnection. The latter study, in a series of sensitivity analyses related to the former, indicated that greater sensitivity to battery storage costs would be found with lower volumes of interconnection. They showed that battery storage would roughly double with a halving of battery capital cost. Their base cost of batteries was 145 V/kWh, or almost double the assumption used in the present study. Therefore, it is not surprising that the present study showed greater battery storage and a lower overall optimum transmission line volume. It is also not surprising based on the fact that the current study has modelled prosumer decisions quite differently. In other models, prosumers are either not modelled at all, not modelled separately, or their decisions are part of overall system-level optimisation. In this study, prosumers are modelled separately, and make decisions based on their own overall cost of electricity (including storage) compared to the consumer price of electricity. This less altruistic behaviour should be anticipated for the future as the cost of prosumer solar PV has already reached grid parity in several market segments [59] , and the cost of solar PV and battery storage for prosumers is expected to decrease in the near future [17] . It has also been shown that the uptake of various forms of renewable energy, including solar PV, will increase as prosumer costs approach retail price parity [91] . The results of this study show that such levels of prosumerism may have great impacts on the energy system as a whole, and it is recommended that future modelling of Europe include such consideration of prosumers.
Policies and support in a heterogeneous Energy Union
Although Europe intends to increase RE substantially, progress in individual countries varies substantially. France, on the one hand, still has a very high share of nuclear power, with the aim to decrease it. Poland, on the other hand, still has a high share of coal, but has decided to increase its wind energy share more substantially [92] . Individual countries need to establish concrete financial tools for a full energy transition, establish nuclear and coal phase out plans, increase CO 2 prices, reduce fossil fuel subsidies and define promotion schemes to support RE. Most EU countries still apply a feed-in tariff for financing RE technologies [93e95]. However, countries are beginning to apply more market-based systems and tendering schemes, which increase uncertainties for investors, might reduce competition, favour large utilities and increase financial costs [96] . Germany also recently changed towards a tendering system [97] . However, feed-in tariffs may have the highest policy effectiveness compared to other instruments [97, 98] . In a German context, relatively high system flexibility can significantly decrease the need for market-based support [96] . But, high system flexibility is realised through relatively low must-run capacity requirements. As must-run capacity is much more sensitive to the higher market impacts of feed-in tariffs [96] , support schemes should match the given context. Barriers stem from the fact that a full transition towards RE changes markets for fossil and nuclear energy companies, which typically operate more must-run capacity. Fossil fuel lobbying influences and distorts effective policy support for a full transition [97, 99] . Fig. 2 shows that a range of supportive policies are currently employed throughout Europe. At the same time, Fig. 1 indicates that those policies have been working to increase the relevance of renewable energy in Europe. The diversity of support instruments employed throughout Europe could be some indication that support is best developed at a national or regional level instead of having a single preferred instrument for the whole of Europe. At the same time, governance is critically needed to make the European Union successful. It appears that the Energy Union needs to rally around some kind of common policy goal that is meaningful and effective on a pan-European level. In essence, the Energy Union may need a "red line" that is based on scientific reality rather than political compromise [4] . The results of this study indicate that the goal of decarbonisation in the power sector is feasible and economically competitive by 2050 for all regions of Europe. At the same time, strong-arm tactics may threaten the very union that is needed to achieve European goals. In this manner, there may be a parallel between policy and technological development. It appears that a hybrid, centralised and decentralised SuperSmart Grid is the preferred option for the European Energy Union. The same may be true for SuperSmart Policy. It may be best for Member States and cooperating regions to decide for themselves what kinds of support work best for given contexts, while still working towards specific, pan-European goals.
For the energy transition and GHG emission reductions, there is substantial technological innovation needed in all energy sectors. Further developments in technological learnings curves within the RE sector will bring generation and system costs down. Innovative digital technologies are required to provide management tools for smart grids, which balance variable RE supply and demand. Technological innovation for more energy storage is also needed. Excess RE requires storage and is used for different purposes as heating, cooling or transportation. Innovative storage technologies bridge the gap between the individual sectors of energy, heating and transportation. To these can be added non-energy sectors such as industrial feedstock demand and water desalination [100] . New technologies like power-to-liquids or hydrogen technology cannot only store variable RE, but products can also be used as fuel for ships, planes and long distance transportation. Innovative batteries are needed to bring costs down for electric mobility and prosumers, i.e. decentralised PV energy produced and stored. Lastly, panEuropean transmission grids will require substantial investment in energy infrastructure.
Smartgrids and supergrids
This study confirms that the decentralised Smartgrid vision of EUROSOLAR and the centralised Supergrid vision of DESERTEC each have merits, and that the SuperSmart Grid hybrid approach proposed by Ref. [6] may result in the most benefits for Europe. The DESERTEC approach also advocates extension of the grid into the solar-rich regions of the Middle East and North Africa (MENA). An even broader extension of the European energy system was simulated for Europe, Eurasia and MENA for 2030 [101] , and confirmed that lower costs and increased flexibility could be achieved through such integration. However, these benefits are comparatively small to those seen in the Area scenario of this study, and must be weighed against the increased potential risk that greater grid extension implies. Further study is needed to confirm if further grid integration would be beneficial in the context of 2050.
Further study is also needed to confirm the extent to which sector integration would affect the results of this study, which is limited to the power sector. As stated previously, integrating the heat and transport sector has been shown to affect optimal levels of interconnection [28] . In addition, trade of RE-based synthetic fuels between different parts of the world may offer still more economic opportunities [102] , and could also impact the optimal configuration of the European energy system.
Conclusions
Given the assumptions used in this study, a 100% RE system appears achievable for Europe by 2050. Such a system is a cost competitive solution for Europe, which also adheres to the goals set out in the Paris Agreement. Notably, more rapid defossilisation and greater cost savings can be achieved through the establishment of increased interconnections between the regions of Europe. Further development of a European Energy Union seems fruitful. However, to achieve such a system, supportive policies must be further enhanced to ensure effective governance. Such governance appears to be lacking at the moment, but not necessarily for lack of effort. Both technologically and in terms of energy and climate policy, Europe must be viewed not only from the top-down, but national and regional contexts must be properly considered. A SuperSmart solution seems appropriate.
This study takes into account important elements of the European power sector in manners that are not always included in modelling studies. First, prosumers of solar PV energy with batteries may have an impact on the overall amount of energy that flows to a centralised grid. Up to 6% less peak interconnection capacity would be needed when considering the impacts of prosumers, leading to lower costs. Future modelling should therefore take into account that prosumers, motivated by the low cost of solar PV and batteries, can generate significant amounts of their own electricity that will reduce the need for large, centralised grids. Studies that do not take the latest cost trends for these technologies in relation to the retail price of electricity in different regions into account may exaggerate dependence on central grids to some extent and show higher grid-related costs.
Second, there are natural areas of energy cooperation between some EU Member States that are better reflected in the planning of regions used in this study. These include the Baltic states of Estonia, Latvia and Lithuania; the Balkan states; Austria/Hungary, Czech Republic/Slovakia; Spain/Portugal; and UK/Ireland. Of particular note is the complementarity in renewable resource supply between the windy regions of the North-West and the sunny regions of the South and South East. New dynamics of import and export between regions should be expected. Cooperation within and between these regions of Europe can result in benefits for all.
Next, the combination of flexible generation, interconnections and energy storage is shown to lead to reliable, affordable and sustainable power in an hourly resolution for an entire year. Flexible generation can be achieved by moderately increased levels of hydropower and capacities of dispatchable bioenergy and sustainable gas-based generation (SNG, biomethane and biogas). This will also ensure that past and current investments in bioenergy and gas-based technologies and infrastructure will not be stranded. Interconnections, up to four times the current European level (to 144 TWkm), between the regions can reduce the need for generation and storage capacities by exploiting the natural complementarities between solar PV generation in the south, and wind generation in the northwest that result in lower variability in overall electricity generation. At the same time, energy storage will be expanded significantly, with batteries primarily supplying shortterm storage, and TES, A-CAES and PtG providing seasonal balance. Lastly, this study confirms that an economically viable transition towards sustainability can be achieved in Europe through more accurate incorporation of the trends towards the low costs of RE generation and storage. To accomplish such a transition towards sustainability, policy and support instruments should be chosen that work best at a regional level while still adhering to clearly defined goals of a European Energy Union.
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